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Behavioral/Systems/Cognitive
Rapid, Activity-Dependent Plasticity in Timing Precision in
Neonatal Barrel Cortex
Michael I. Daw,1Neil V. Bannister,1 and John T. R. Isaac1,2
1Medical Research Council Centre for Synaptic Plasticity, Department of Anatomy, University of Bristol, Bristol BS8 1TD, United Kingdom, and 2National
Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda, Maryland 20892
Developingneuronal networks acquire the ability toprecisely time events, a key feature required for informationprocessing. In thebarrel
cortex, encoding of information requires a high-precision temporal code with a resolution of 5 ms; however, it is not known what
process drives the maturation in timing precision. Here, we report that long-term potentiation (LTP) at thalamocortical synapses in the
neonatal layer IV barrel cortex produces a dramatic improvement in the timing of neuronal output and synaptic input. LTP strongly
reduces the latency and variability of synaptically evoked action potentials, improving the fidelity of timing towithin that predicted to be
required for adult sensory processing. Such changes in timing also occur during development in the neonate. LTP also reduces the
summation of EPSPs shortening the window for coincidence detection for synaptic input. In contrast to these reliable effects, LTP
produced only amodest and variable change in synaptic efficacy. Thus, our findings suggest that the primary role of this formof neonatal
LTP is for the acquisition of timing precision and the refinement of coincidence detection, rather than an increase in synaptic strength.
Therefore, neonatal thalamocortical LTPmay be a critical prerequisite for thematuration of information processing in the barrel cortex.
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Introduction
A key feature of neuronal networks is their ability to precisely
time events, a property critical for information processing
(Singer, 1999; Koch and Segev, 2000; Fricker and Miles, 2001).
For the ascending input to the mature rodent somatosensory
cortex, evidence indicates that the first spike initiated by sensory
activation encodes the majority of the information, and key to
this is a high precision of the temporal code of 2–6ms resolution
(Ghazanfar et al., 2000; Panzeri et al., 2001; Celikel et al., 2004;
Foffani et al., 2004). Developmentally, the emergence of timing
precision correlates with a maturation in intrinsic neuronal ex-
citability and in the properties of fast synaptic transmission (Mc-
Cormick and Prince, 1987; Ben-Ari et al., 1997; Brenowitz and
Trussell, 2001; Futai et al., 2001; Cathala et al., 2003). This coin-
cides with a developmental period in which NMDA receptor
(NMDAR)-dependent synaptic plasticity plays a critical role
(Katz and Shatz, 1996; Zhang and Poo, 2001; Foeller and Feld-
man, 2004).
Cells in layer IV, the input layer, of the S1 somatosensory
cortex are organized into structures termed barrels. These barrels
are the anatomical correlates of a precise topographical map of
the rodent whiskers (Woolsey and Van der Loos, 1970; Simons,
1978). Evidence suggests that NMDAR-dependent long-term
potentiation (LTP) occurring in vivo during the first postnatal
week plays a critical role in experience-dependent plasticity un-
derlying the development of the cortical map. Activity and
NMDAR activation are required for normal development of re-
ceptive fields in the barrel cortex and for experience-dependent
plasticity during the first postnatal week (Schlaggar et al., 1993;
Fox et al., 1996; Foeller and Feldman, 2004). LTP at thalamocor-
tical synapses in the barrel cortex is NMDAR dependent and
developmentally restricted to the first postnatal week (Crair and
Malenka, 1995). LTP at this synapse also results in a switch from
slow kainate receptor-mediated synaptic transmission to fast
AMPA receptor (AMPAR)-mediated transmission, a change also
occurring developmentally during this period (Kidd and Isaac,
1999).
Here, we investigated the role of LTP at neonatal thalamocor-
tical synapses in the layer IV barrel cortex.We show that this form
of LTP has a number of novel properties: it produces a change in
the shape of the EPSP but only a relatively modest and variable
increase in EPSP amplitude. The consequences of this are that
LTP produces a rapid and robust improvement in the timing
precision for synaptically evoked action potentials but a relatively
small and inconsistent effect on synaptic efficacy. Moreover, the
change in the EPSP shape with LTP also reduces postsynaptic
summation of subthreshold input, thus reducing the window for
coincidence detection of synaptic events. Developmentally, sim-
ilar changes in EPSP kinetics and in timing precision occur dur-
ing the first postnatal week, suggesting that this process may oc-
cur in vivo. Thus, our findings indicate that this form of neonatal
LTP represents a novel mechanism for the activity-dependent
acquisition of neuronal timing precision that may be the primary
role of this form plasticity.
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Materials andMethods
Thalamocortical slices were prepared frompostnatal day 3 (P3) to P6 (P0
is designated as the day of birth)CD1mouse pups as described previously
(Kidd and Isaac, 1999, 2001; Kidd et al., 2002). Hippocampal slices were
prepared from P12–P15 CD1 mouse pups as described previously (Daw
et al., 2000). Slices were perfused with an extracellular solution as follows
(in mM): 119 NaCl, 2.5 KCl, 1 NaH2PO4, 26.2 NaHCO3, 11 glucose, 1.3
MgSO4, and 2.5 CaCl2, saturated with 95% O2/5%CO2, pH 7.4, at 33–
35°C. Visualized perforated-patch recordings were made under infrared
illumination from neurons with stellate cell morphology (for layer IV
recordings) and pyramidal cells in the CA1 region (for hippocampal
recordings). Recordings were made with patch electrodes (4–7 M)
tip-filled with (in mM) 130 potassium methane sulfate, 8.5 NaCl, 5
HEPES, 0.5 EGTA, 0.5 Na-GTP, and 4Mg-GTP, pH 7.3, 285mOsm, and
back-filledwith the same solution but including 6mg/ml amphotericin B
(Isaac et al., 1996) or 1 mg/ml gramicidin D. EPSCs and EPSPs were
evoked by electrical stimulation at a frequency of 0.1 Hz by a bipolar
stimulating electrode placed in the stratum radiatum for hippocampal
experiments and in the ventrobasal (VB) thalamus for thalamocortical
experiments (Agmon and Connors, 1991; Kidd and Isaac, 1999, 2001;
Kidd et al., 2002). LTP was induced at thalamocortical synapses by pair-
ing 50 stimuli at 0.2 Hz (245 s) with a holding potential of 0 mV. Recent
studies have shown that NMDAR-dependent LTP is induced by sensory-
evoked activity in rodent primary sensory cortex [e.g., in the visual cortex
(Froemke and Dan, 2002) and barrel cortex (Takahashi et al., 2003)].
Although pairing is an artificial protocol for induction of LTP, it fulfils
the requirements of providing strong postsynaptic depolarization coin-
cident with afferent activity that allows sufficient NMDAR activation to
induce LTP. Therefore, this induction protocol is useful in studying the
mechanisms and role of LTP in the barrel cortex.
For the experiments studying two thalamocortical inputs onto the
same neuron (see Figs. 6, 7), two stimulating electrodes were placed in
neighboring positions in the VB thalamus, and field potential recordings
were used to establish that they activated neurons in the same barrel,
beforemaking perforated-patch recordings. Pathway specificitywas con-
firmed by the induction of pathway-specific LTP. Recordings were made
using aMulticlamp 700A (MolecularDevices, PaloAlto, CA), and signals
were filtered at 4 kHz, digitized at 10 kHz, and stored on computer using
CED Signal 2 software. Series resistance (30–60 M) was analyzed in
voltage clamp throughout the experiments as described previously (Daw
et al., 2000) and displayed on-line. Input resistance was monitored
throughout the experiments and was stable during recordings. In exper-
iments testing changes in excitability, voltage ramps of 100 ms duration
were applied to layer IV neurons in current-clampmode before and after
LTP induction. For experiments in which EPSCwaveformswere injected
into layer IV neurons (see Fig. 2), whole-cell patch-clamp recordings
were made at 33–35°C using the same intracellular solution as above,
exceptwith no perforant. Recordingsweremade using anNPI SEC-05XL
amplifier in current-clamp mode, and EPSC waveforms from 4 ran-
domly chosen experimentswere injected into neurons in 13 experiments.
Data for each set of waveforms were pooled across experiments.
Statistical analyses were performed using the Student’s t test, and p
0.05 considered significant.
Results
Neonatal LTP produces a change in the shape of the
thalamocortical EPSP
To investigate the role of neonatal LTP, we studied the properties
of LTP at developing thalamocortical synapses in layer IV cells of
the neonatal (P3–P6) mouse barrel cortex. We made perforated-
patch-clamp recordings from layer IV neurons and evoked syn-
aptic responses at thalamocortical synapses by electrical stimula-
tion of thalamocortical axons in the VB thalamus (Agmon and
Connors, 1991; Crair and Malenka, 1995; Isaac et al., 1997; Kidd
and Isaac, 1999; Kidd et al., 2002). Although the properties of
neonatal LTP at this input have been described in some detail
under voltage clamp (Isaac et al., 1997; Kidd and Isaac, 1999),
little is known about the consequences of LTP induction under
current-clamp conditions, the physiological mode of operation.
Therefore, we sequentially monitored EPSCs in voltage clamp
and EPSPs in current clamp in the same neurons before and after
LTP induction (Fig. 1A,B). After collection of a baseline, delivery
of a pairing protocol induced a slowly developing LTP (Crair and
Malenka, 1995; Isaac et al., 1997; Kidd and Isaac, 1999),measured
as an increase in peak EPSC amplitude (average EPSC amplitude
20–25 min after pairing was 203 26% of baseline; n 7) (Fig.
1A–C). LTP induction, however, only had a variable effect on
EPSP peak amplitude in the same cells. On average, a smaller
potentiation in EPSP amplitudewas observed (145 23%; n 7;
p 0.05 vs EPSC potentiation) (Fig. 1C,F). Indeed, the amount
of EPSP potentiation varied considerably: in some cells there was
little amplitude change despite a large increase in EPSC ampli-
tude (Fig. 1A), whereas in others, a similar change in both EPSC
and EPSP amplitude was observed (Fig. 1B). No change in input
resistance occurred in these recordings (baseline, 479 38 M;
LTP, 435  28 M; p  0.2; n  7), and the change in EPSP
amplitude with LTP did not show any correlation with input
resistance ( p 0.5; n 7).Wehave described previously that the
EPSC at the thalamocortical input in the neonatal barrel cortex is
composed of fast AMPAR (AMPAR)-mediated and slow kainate
receptor-mediated components (Kidd and Isaac, 1999, 2001).
Interestingly, we found that the magnitude of change in EPSP
amplitudewith LTPwas strongly correlatedwith the relative con-
tribution of the fast and slow components of the baseline EPSC
( p 0.005) (Fig. 1D).
Because LTP does not cause a reliable change in EPSP ampli-
tude, we sought to determine what reliable change occurs in the
synaptic response during LTP under current-clamp conditions.
In contrast to EPSP amplitude changes, LTP consistently caused
a change in the kinetics of the EPSP (Fig. 1E). There was a large
increase in EPSP slope (298 54%; p 0.005; n 7) (Fig. 1C,F),
a decrease in rise time (10–90% rise time: baseline, 14.8 3.6ms;
LTP, 5.3 2.1 ms; p 0.05; n 7), and a speeding of the decay
(half-width: baseline, 121.0 15.5 ms; LTP, 71.5 17.5 ms; p
0.05; n 7) (Fig. 1G). Our previous work demonstrates that LTP
at this input is characterized by a simultaneous rapid increase in
the fast AMPAR-mediated component and a decrease in the slow
kainate receptor-mediated component to the EPSC (Kidd and
Isaac, 1999). The present data indicate that this change consis-
tently speeds up the kinetics of the EPSP but does not reliably
increase EPSP amplitude.
The effects of neonatal LTP on the EPSP are attributable to
the change in the shape of the EPSC
We wanted to understand whether the unusual features of this
form of LTP result simply from a combination of the membrane
properties of neonatal layer IV neurons and the properties of the
thalamocortical synaptic response, or whether additional mech-
anisms are required. To investigate this, we randomly chose four
LTP experiments and injected the averaged EPSCs from each
experiment [the baseline EPSC (EPSCbaseline) and the EPSC after
LTP induction (EPSCLTP)] as waveforms into neonatal layer IV
neurons during somatic recordings. We recorded the resulting
voltage responses (“EPSP waveforms”) in current-clamp mode
(Fig. 2A,B). To address the role of the change in EPSC shape
observed with LTP, we also injected an EPSC waveform that was
the baseline EPSC scaled to the peak of the EPSC after LTP
(EPSCscaled). Injection of the EPSCbaseline and EPSCLTP wave-
forms reproduced the features of LTP we observed experimen-
tally. The increased amplitude of the fast component combined
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with the decrease in the slow component
in EPSCLTP reliably produced little in-
crease in EPSP amplitude (112  23%;
n  4) but a robust increase in slope
(240 44%; n 4; p 0.01) (Fig. 2A–C).
In contrast, EPSCscaled, in which there no
is no change in EPSC shape, did not re-
produce the properties of LTP because it
produced a large increase in EPSP ampli-
tude (195  23%; n  4; p  0.05) (Fig.
2A–C). Injection of the EPSCLTP wave-
form also reproduced the finding that the
increase in EPSP amplitude after LTP is
correlated with the relative contribution
of the slow and fast components to base-
line transmission (r2 0.41; p 0.0001)
(Fig. 2D). Thus, the features of LTP in
neonatal layer IV cells can be reproduced
by somatic injections of the EPSC wave-
forms. This indicates that the properties
of this formof LTP primarily result from a
combination of the membrane properties
of the neonatal layer IV cells combined
with the change in shape of the synaptic
response observed during LTP.
Neonatal LTP causes a rapid
improvement in timing precision of
synaptically evoked action potentials
Because LTP is commonly thought of as a
mechanism for a long-lasting increase in
synaptic strength, what then is the func-
tion of neonatal LTP at the thalamocorti-
cal input if an increase in EPSP amplitude
does not consistently occur?We observe a
robust change in the kinetics of the EPSP
with LTP, and the ability of EPSPs to pre-
cisely time action potentials is dependent
on their kinetics (Fricker andMiles, 2000,
2001; Galarreta and Hestrin, 2001;
Cathala et al., 2003). Therefore, we won-
dered whether it is action potential timing
that is altered by LTP induction. To ad-
dress this, we studied the timing of action
potentials evoked in layer IV neurons by
thalamocortical EPSPs. We sequentially
collected data in voltage clamp and cur-
rent clamp using a stimulation intensity
that evoked action potentials in50% of
current-clamp trials. The first thing we
noticed with these experiments was that
naive inputs exhibited remarkably poor
timing precision. The latency from EPSP
onset to the action potential (“E-S la-
tency”) was very long (23.0 2.2 ms; n
13), and the timing precision (or jitter), as
determined by calculating the SD in E-S latency for each cell
(“E-S SD”), was very poor (9.3  1.9; n  13) compared with
previous reports for more mature cortical neurons (Fricker and
Miles, 2000, 2001; Jonas et al., 2004).
To investigate the effect of LTP on action potential timing, we
measured the latency and variability of synaptically evoked action
potentials after LTP induction. LTP (EPSC amplitude, 220 
27%; n  13) (Fig. 3A,C) produced a reliable and pronounced
shortening of the subthreshold EPSPs (10–90% rise time: base-
line, 16.2  2.5 ms; LTP, 8.4  1.8 ms; p  0.05; n  13; half-
width: baseline, 81.7 8.3ms; LTP, 60.3 8.4ms; p 0.005;n
13) and was associated with a robust decrease in E-S latency
(baseline: 23.0 2.2 ms, n 13; LTP: 9.0 1.1 ms, n 13; p
0.00005) (Fig. 3A,B,D,E) and in E-S SD (baseline: 9.3 1.9, n
Figure1. LTPat thalamocortical synapseson layer IVneurons in theneonatal barrel cortex reliably alters thekinetics of theEPSP
but has a variable effect on EPSP amplitude. A, Peak amplitude of EPSCs (filled circles) and EPSPs (open circles) versus time for an
example experimentwith a prominent slow component to the EPSC during baseline. InA andB, each point indicates an average of
three consecutive responses, the filled bar indicates the time of LTP induction, and the insets show traces taken at the times
indicated.B, Example LTP experiment for an inputwith aprominent fast component to the EPSCduringbaseline.C, Pooleddata for
all LTP experiments of this type (n 7) including EPSP slope (triangles). D, Ratio of EPSC slow component: EPSC peak plotted
versus EPSPpeak amplitude changewith LTP (0no change frombaseline). The line is the linear regression throughpoints (r 2
0.91; p 0.005). E, EPSPs before (black) and after (gray) LTP induction from example experiments in A (top) and B (bottom),
superimposed (left) and scaled and superimposed (right). F, Changes in EPSC amplitude (ampl.), EPSP amplitude, and EPSP slope
with LTP (n 7). G, EPSP 10–90% rise time (left) and half-width (right) before (black bars) and after (gray bars) LTP induction
(n 7). *p 0.05. For this and subsequent figures, error bars represent SEM.
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13; LTP: 3.7 0.7, n 13; p 0.005) (Fig. 3A,B,F). However,
there was a variable and, on average, only amodest increase in the
fraction of EPSPs that evoked action potentials (percentage of
EPSPs that evoked an action potential: baseline: 41 5%, n 13;
LTP: 70 9%, n 13; p 0.005) (Fig. 3G). Indeed, in some cells
there was no change or a decrease in the percentage of EPSPs
evoking an action potential, despite a robust potentiation of the
EPSC. Moreover, consistent with the variable effects of LTP on
EPSP amplitude as shown in Figure 1, there was a correlation
Figure2. Theproperties of LTP in neonatal layer IV neurons are a consequence of the change
in shape of the underlying EPSC and themembrane properties of the neurons.A, Superimposed
voltage responses (EPSP waveforms; top) produced by somatically injected EPSC waveforms
(bottom) for an example set of EPSC waveforms. Baseline EPSC (EPSCbaseline; black) and LTP
EPSC (EPSCLTP, gray) pairs (left) are shown. Baseline EPSC (EPSCbaseline; black) and baseline EPSC
scaled to the peak of the LTP EPSC (EPSCscaled; gray) pairs (right) are shown. B, Resulting EPSP
waveforms for the experiment in A, scaled and superimposed, are the EPSCbaseline/EPSCLTP pair
(top) and EPSCbaseline/EPSCscaled pair (bottom). C, Pooled data for changes in EPSC amplitude
(ampl.) with LTP for the four data sets used and the change in EPSP waveform amplitude and
slope for EPSCLTP (left) and EPSCscaled (right). D, Ratio of EPSC slow component: EPSC peak
plotted versus mean EPSP peak amplitude change for EPSCLTP. The line is a linear regression
(r 2 0.41; p 0.001). *p 0.05; **p 0.01; ***p 0.005.
Figure 3. LTP at thalamocortical inputs onto neonatal layer IV neurons reduces the latency
and increases the timing precision of synaptically evoked action potentials. A, EPSC amplitude
(circles) and E-S latency (diamonds) versus time from an example LTP experiment. B, Repre-
sentative superimposed current-clamp traces taken at the times indicated in A. C, Pooled data
showingnormalized EPSC versus time for all LTP experiments (n13).D, Pooleddata showing
normalized E-S latency versus time from these experiments. E, E-S latency during baseline
plotted versus E-S latency after LTP induction in individual cells (filled diamonds) and for pooled
data (open diamond). F, The E-S SD for baseline plotted versus E-S SD after LTP induction in
individual cells (filled triangles) and for the pooled data (open triangle).G, Percentage of EPSPs
evoking an action potential (AP) baseline plotted versus LTP in individual cells (filled squares)
and for pooled data (open square). The dashed line is the line of unity.
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between the relative contribution of the fast and slow compo-
nents to the baseline EPSC and the change in fraction of EPSPs
that evoked an action potential (r2 0.63; p 0.01; n 13; data
not shown).
There was no change in input resistance in these LTP experi-
ments (baseline, 577 119M; LTP, 536 86M; p 0.5; n
13). The change in action potential timingwas dependent on LTP
induction, because in control experiments in which a sham LTP
induction protocol was applied (cell was held at 0 mV, but no
synaptic stimulation was applied) and no potentiation occurred
(EPSC amplitude, 99 14%; n 6), there was no change in E-S
latency (baseline, 20.1  1.8 ms; n  6; 20–25 min after sham
induction protocol, 19  4 ms) or E-S SD (baseline, 6.1  1.4;
n 6; 20–25 min after sham induction protocol, 6.4 1.6). In a
separate set of experiments, we also investigated whether there
was a change in excitability during LTP that contributed to the
changes in action potential timing precision. We evoked action
potentials using somatic injections of depolarizing current ramps
during baseline and after LTP induction and measured action
potential threshold and latency to action potential initiation.
Neither of these parameters changed, demonstrating that LTP
did not cause any change in cell excitability [EPSC amplitude:
203 28%, n 7; action potential threshold: baseline,31.3
1.3 mV; LTP, 31.6  1.6 mV; change in latency to action po-
tential (LTP baseline): 2.9 2.8 ms, n 7].
Feedforward activation of GABAergic interneurons by
thalamocortical inputs has been shown to affect EPSP kinetics
and play a critical role in determining the temporal precision of
cortical responses to whisker stimulation in the barrel cortex of
P14–P25 rats (Gabernet et al., 2005). We therefore investigated
whether feedforward GABAergic transmission contributes to the
effects of LTPon action potential timing precision in the neonate.
We first determined the reversal potential for pharmacologically
isolated GABAA receptor-mediated synaptic currents using
gramicidin perforated-patch recordings and local electrical stim-
ulation in layer IV of GABAergic afferents in the presence of
NBQX (2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxa-
line-7-sulfonoamide; 20 M) and D-AP-5 (50 M). In these re-
cordings, the reversal potential for the GABAA receptor-
mediated synaptic currents was 59.1  2.8 mV (n  20). A
relatively depolarized reversal potential is typical for the neonatal
brain, including the barrel cortex (Agmon et al., 1996). We next
used the GABAA receptor antagonist bicuculline (10 M) to de-
termine the contribution of feedforward GABAergic transmis-
sion to the synaptic current evoked by thalamic stimulation.
Acute application of bicuculline caused a small reduction in the
size of the EPSC (at a holding potential of70mV) in some cells
but had no effect in others. On average, no significant effect of
bicuculline on EPSC amplitude was observed [EPSC integral in
bicuculline (percentage of baseline), 97 9%;n 7]. In the same
cells, we also investigated the effect of bicuculline on the timing
precision of action potentials evoked by thalamocortical EPSPs.
Bicuculline had no significant effect on E-S latency (baseline,
14.7 2.5 ms; bicuculline, 12.1 1.8 ms; n 5), E-S SD (base-
line, 10.3 4.0 ms; bicuculline, 7.9 2.9 ms; n 5), or percent-
age of EPSPs evoking an action potential (baseline, 34  5%;
bicuculline, 34 11%; n 7). From these data, we conclude that
feedforwardGABAergic transmission at this developmental stage
makes, at most, only a minor contribution to the synaptic input
onto layer IV stellate cells evoked by thalamic stimulation and
does not determine action potential timing precision.
Our data therefore suggest that a change in GABAergic trans-
mission is unlikely to contribute to the alteration in spike timing
precision observed during LTP. However, to directly test this, we
also investigated whether LTP causes the improvement in action
potential timing precision in the absence of GABAA receptor-
mediated transmission, by sequentially recording in voltage and
current clamp and using a stimulation intensity that evoked ac-
tion potentials in50% of current-clamp trials. LTPwas reliably
induced in the presence of the GABAA receptor blocker picro-
toxin (100 M) and produced a robust potentiation of EPSC
amplitude (184  21%; n  7). Similar to experiments with
GABAA receptor-mediated transmission intact, LTP produced a
significant shortening of EPSPs measured from the subthreshold
responses (rise time: baseline, 14.8 4.5 ms; LTP, 7.3 1.8 ms;
p 0.05; n 7; half-width: baseline, 70.2 8.3 ms; LTP, 52.9
7.2 ms; p  0.05; n  7). LTP also caused an increase in action
potential timing precision: E-S latency was reduced (baseline,
16.0 1.3ms; LTP, 10.2 1.0ms; p 0.0001;n 7) andbecame
less variable (E-S SD: baseline, 6.0 1.1 ms; LTP, 3.0 1.1 ms;
p 0.005; n 7), but there was no change in efficacy (percentage
of EPSPs evoking an action potential: baseline, 44  8%; LTP,
44 14%; n 7). Therefore, the LTP-induced improvement in
action potential timing precision occurs in the absence of GABAA
receptor-mediated responses, suggesting that changes in feedfor-
ward GABAergic transmission do not significantly contribute to
the effects of LTP we observe.
Little change in timing of synaptically evoked action
potentials with hippocampal CA1 LTP
Our data suggest that this form of neonatal LTP primarily affects
action potential timing precision and that this is attributable to
the change in EPSP shape caused by the switch from kainate- to
AMPAR-mediated transmission observed at thalamocortical
synapses. To further test this, we studied the properties of LTP at
CA1 synapses in adolescent (P12–P15)mice, a form that does not
involve such a switch in the type of receptorsmediating transmis-
sion (Bliss and Collingridge, 1993; Collingridge et al., 2004). The
timing of synaptically evoked action potentials in hippocampal
CA1 pyramidal neurons at naive inputs was much more precise
than in neonatal layer IV neurons (E-S latency: 9.6 1.5 ms, n
11, p 0.0005 vs layer IV neurons; E-S SD: 3.9 1.1, n 11, p
0.05 vs layer IV neurons) (Fig. 4A) and was very similar to that
reported previously for this cell type (Fricker and Miles, 2000).
Induction of LTP produced a small change in E-S latency (base-
line: 9.6  1.6, n  10; LTP: 4.6  0.6, n  10; p  0.05) (Fig.
4A–C) and E-S SD (baseline: 3.9 1.4, n 10; LTP: 1.4 0.6,
n 10; p 0.05) (Fig. 4A,D). In contrast to the variable effect of
LTP at thalamocortical synapses, there was a large and much
more consistent increase in the fraction of EPSPs that evoked
action potentials (baseline: 45 7%, n 10; LTP: 93 4%, n
10; p  0.0005) (Fig. 4E) such that after LTP in most cells, all
trials resulted in a postsynaptic action potential. This increase in
efficacy with CA1 LTP was significantly larger than that observed
with LTP at thalamocortical synapses in the neonatal barrel cor-
tex ( p 0.05).
Developmental improvement in timing precision
Together, these findings show that neonatal LTP at the thalamo-
cortical input produces a reliable and dramatic improvement in
action potential latency and timing precision. The finding that
there are no changes in excitability associated with this form of
LTP strongly suggests that it is the change in EPSP shape that is
responsible for the improvement in timing precision. Given the
developmental decrease in the kainate receptor-mediated com-
ponent of the EPSC at this synapse (Kidd and Isaac, 1999; Ban-
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nister et al., 2005) and the evidence that an NMDAR-dependent
LTP-like process is driven by experience during early postnatal
development (Fox, 2002; Foeller and Feldman, 2004), we inves-
tigated whether there was a developmental change in EPSP shape
and improvement in timing precision for the thalamocortical
input onto layer IV cells by collecting data from cells in slices
prepared from animals aged between P3 and P6. Over this age
range, we found that there is a reduction in EPSP 10–90% rise
time and half-width (10–90% rise time significantly negatively
correlated with age: r2 0.81, p 0.05, n 9; half-width signif-
icantly negatively correlated with age: r2 0.91, p 0.05, n 9)
(Fig. 5A). Moreover, we found a strong negative correlation of
both E-S latency and E-S SD with age (E-S latency:
r2 0.96, p 0.005, n 12; E-S SD: r2 0.81, p 0.05, n 12)
(Fig. 5B,C). This developmental change in timing was associated
with the developmental change in EPSP kinetics because there is
a strong co-correlation between these parameters with age (E-S
latency vs 10–90% rise time, r2 0.997; E-S latency vs half width,
r2  0.993; E-S SD vs 10–90% rise time, r2  0.953; E-S SD vs
half-width, r2  0.979) (Fig. 5D). We found no developmental
correlation of action potential timing with other parameters such
as input resistance (Fig. 5E), action potential threshold (Fig. 5F),
or EPSC amplitude, ruling out a contribution of these factors to
the improvement in timing precision.
The magnitude of the developmental change in EPSP kinetics
and action potential timing precisionwas similar to that observed
acutely during LTP. At P3–P4, the EPSP rise time was 23.0 2.9
ms (n 8), the half-width was 144.4 22.9 ms (n 8), the E-S
latency was 27.4 3.4 ms (n 6), and the E-S SDwas 16.7 3.7
(n  6). By P5–P6, these parameter values were reduced to an
EPSP rise time of 9.1 2.4 ms (n 6), a half-width of 94.7 9.9
ms (n 6), an E-S latency of 11.2 4.0ms (n 4), and anE-S SD
of 6.4  2.0 (n  4). Thus, although
P5–P6 EPSP kinetics were still somewhat
slower and spike timing was not quite as
precise as that observed after LTP, the
magnitude of the developmental change
was at least as large as observed acutely
during LTP. This is explained by the fact
that at P3–P4 EPSP kinetics were slower
and spike timing was less precise than ob-
served during baseline before LTP induc-
tion (the LTP experiments were per-
formed primarily on slices fromP4 andP5
animals). Therefore, although it is possi-
ble that other developmental processes
could also contribute, our findings are
consistentwith neonatal LTP in vivo, driv-
ing a change in EPSP kinetics that pro-
duces the developmental improvement in
timing precision.
Neonatal LTP alters the time window
for coincidence detection precision for
synaptic input
Another key feature of mature cortical
networks is coincidence detection; a
property required for the induction of
certain forms of synaptic plasticity, for the
generation and detection of synchrony,
and for information processing (Jeffress,
1948; Hebb, 1949; Abeles, 1982; Singer,
1999; Bi and Poo, 2001; Fricker andMiles,
2001; Galarreta and Hestrin, 2001). Because a primary effect of
neonatal LTP is to speed the decay of the EPSP, we tested the idea
that this alters the window for coincidence detection for synaptic
input. We investigated this by studying whether the temporal
summation of EPSPs was altered after LTP induction. To do this,
we evoked responses at two independent pathways onto the same
neuron with two stimulating electrodes placed in the thalamus.
We tested heterosynaptic summation between subthreshold
EPSPs evoked sequentially at each input at a range of intervals
from 0 to 50 ms. This heterosynaptic comparison was used to
avoid the confounding effect of homosynaptic short-term de-
pression that is prominent at this developmental stage when us-
ing paired-pulse stimulation of the same pathway (Kidd and
Isaac, 2001; Kidd et al., 2002). The extent of summation was
estimated by comparing the peak amplitude of the summed
EPSPs with the arithmetic sum of the peaks of the two contribut-
ing EPSPs (evoked in isolation in interleaved trials). In baseline
conditions, as expected, the peak of the summed response de-
creased with the increasing interpulse interval (interpulse inter-
val of: 0 ms, 111 13% of arithmetic sum of EPSPs; 10 ms, 96
6%; 20 ms, 88  5%; 30 ms, 86  4%; 40 ms, 83  4%; 50 ms,
83  4%; n  9) (Fig. 6B). An LTP induction protocol was
applied to one input, which resulted in a pathway-specific LTP
(EPSC amplitude: LTPpath, 265 70%; control path, 83 14%;
n 9) (Fig. 6A): this pathway-specific LTP confirmed the inde-
pendence of the two pathways in these experiments. The induc-
tion of LTP resulted in a speeding of the decay of the EPSP (con-
sistent with our other data), and this produced a decrease in
summation at intervals of30ms (0ms, 113 15%; 10ms, 90
8%; 20 ms, 78  5%; 30 ms, 75  5%; 40 ms, 68  5%; 50 ms,
67 5%; n 9; EPSP summation relationshipwith an interpulse
interval significantly different for baseline vs LTP, p 0.05, two-
Figure 4. LTP at CA1 synapses increases efficacy with only a small effect on action potential timing. A, EPSC amplitude (circles)
versus time from pooled LTP experiments (n 11) in CA1 pyramidal cells and E-S latency (diamonds) from an example cell. B,
Representative superimposed current-clamp traces for the example experiment in A, taken at the times indicated. C, E-S latency
during baseline plotted versus E-S latency after LTP induction in individual cells and for pooled data.D, E-S SD for baseline plotted
versus E-S SD after LTP induction in individual cells and for the pooled data. E, Percentage of EPSPs evoking an action potential
baseline plotted versus LTP in individual cells and for pooled data. The dashed line is the line of unity.
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way ANOVA with replication) (Fig. 6B). In addition to a reduc-
tion in the peak amplitude of the summed EPSP, there was also a
pronounced reduction in the duration of the summed EPSP after
LTP induction (Fig. 6B).
To investigate whether the reduction in EPSP summation af-
ter LTP has a functional consequence for spike output, we tested
whether it reduces the ability of summation of EPSPs to evoke
action potentials. We therefore repeated the summation experi-
ment using a stimulation intensity sufficient to evoke an action
potential by the summedEPSP in50%of trials.We investigated
this for a time interval for which the subthreshold experiments
indicated that LTP causes a robust decrease in summation: 30ms.
Application of the LTP induction protocol to one input caused a
pathway-specific LTP (EPSC amplitude: LTP path: 204  20%,
p  0.0005; control path: 115  14%, p  0.3, n  12) (Fig.
7A,C). In six of these experiments, EPSP summation was tested
when the LTP path EPSP preceded the control path EPSP, as for
subthreshold experiments (“summation LTP-CTRL”) (Fig.
7A,B). In these experiments, LTP caused a reduction in summa-
tion as indicated by a reduction in the number of second EPSPs
evoking an action potential (percentage of second EPSPs evoking
an action potential: baseline: 73 5%, n 6; LTP: 24 8%, n
6; p 0.005) (Fig. 7D, squares). Thus, LTP reduces the probabil-
ity of evoking an action potential by summed synaptic input
when the LTPpath precedes the control path. To test whether this
decrease in action potential firing is a result of the change in EPSP
kinetics with LTP rather than other changes not specifically re-
lated to EPSP summation, in the other six experiments we inves-
tigated the ability of the summed EPSPs to evoke action poten-
tials when the control path EPSP preceded the LTP path EPSP
(“summation CTRL-LTP”). In these experiments, LTP had the
opposite effect in that it increased the proportion of second
EPSPs evoking an action potential (percentage of second EPSPs
evoking an action potential: baseline: 29 6%, n 6; LTP: 62
12%,n 6; p 0.05) (Fig. 7D, triangles). Thus, the probability of
the summedEPSPs to evoke an action potential is increasedwhen
the LTP path follows the control path. These summation exper-
Figure 5. EPSP kinetics and timing of synaptically evoked action potentials in the layer IV
neonatal barrel cortex aredevelopmentally regulated.A, EPSP10–90%rise timeplotted versus
age of animal from which the slices were made; the line is a linear regression through points
(r 2 0.81; p 0.05). B, E-S latency plotted versus age; the line is a linear regression through
points (r 2 0.98; p 0.0001). C, E-S SD plotted versus age; the line is a linear regression
through points (r 2 0.89; p 0.01).D, Mean E-S latency plotted versusmean EPSP rise time
at different postnatal ages; the dashed line is the line of unity. E, Input resistance plotted versus
age; therewas no significant correlation. F, Action potential threshold plotted versus age; there
was no significant correlation.
Figure 6. Neonatal LTP alters the time window for temporal summation of thalamocortical
input. A, EPSC amplitude versus time for LTP experiments in which two thalamocortical inputs
onto the same cell were monitored (LTP induction protocol applied to the pathway is repre-
sented by filled circles). The dashed line represents 100%. B, Temporal summation (peak of
summed response as a percentage of arithmetic sumof the peaks of the individual contributing
EPSPs) at different time intervals before (open squares) and after (filled squares) LTP induction.
Inset, Example EPSPs evoked by paired-pulse stimulation (interpulse interval, 50 ms) during
baseline (left; black), after LTP induction (middle; gray), and superimposed (right).
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iments therefore indicate that neonatal LTP, in addition to
changing the timing precision of synaptically evoked action po-
tentials, shortens the window for coincidence detection of synap-
tic input and that this affects the temporal integration of EPSPs
and their ability to evoke action potentials.
Discussion
A critical step in the development of neural circuits is the emer-
gence of the ability to precisely time events. During the same
developmental period, another prominent feature of neuronal
circuits is their ability to undergo activity- and NMDAR-
dependent long-term synaptic plasticity, a process that is criti-
cally important for the appropriate development of the brain
(Katz and Shatz, 1996; Bi and Poo, 2001; Zhang and Poo, 2001;
Foeller and Feldman, 2004). Here, we bring together these two
important themes of development by demonstrating that
NMDAR-dependent LTP at neonatal thalamocortical synapses
dramatically improves the precision bywhich layer IV neurons in
the barrel cortex can time events. LTP expression at this input is
characterized by a rapid, simultaneous increase in the fast
AMPAR-mediated component and a reduction in the slow kai-
nate receptor-mediated component to transmission (Kidd and
Isaac, 1999). We show that such a change speeds the rise and
shortens the decay of the EPSP, resulting in a robust reduction in
the latency and variability of synaptically evoked action poten-
tials. Moreover, the shortening of the EPSP alters the window for
coincidence detection, thereby also im-
proving the precision by which synaptic
input is timed.
Properties of thalamocortical LTP
Our findings show that the increase in the
peak EPSC amplitude that occurs during
neonatal LTP in the layer IV barrel cortex
does not necessarily result in an increase
in EPSP amplitude. Instead, the only reli-
able change in this form of LTP is a de-
crease in both the rise time and half-width
of the EPSP. This suggests that an increase
in synaptic transmission may not be the
primary function of this form of LTP. The
discrepancy between changes in peak am-
plitude of EPSPs and EPSCs could simply
be attributable to the change in EPSC
waveform combined with the membrane
properties of the cell, or may involve
other processes. One possibility is a re-
duction in input resistance with LTP;
however, we found no change in this pa-
rameter occurred during LTP, ruling
out this possibility. Experiments in
which EPSC waveforms recorded before
and after LTP induction were injected
into layer IV cells demonstrate that the
LTP phenomenon could be reproduced
simply by the shape change in the un-
derlying EPSC. Thus, the properties of
LTP at thalamocortical inputs onto neo-
natal layer IV cells are likely to be a con-
sequence of the unique change in the
shape of the EPSC observed at these syn-
apses combined with the membrane
properties of the neonatal layer IV cells.
An activity-dependent improvement in timing precision
The ability to precisely time inputs and outputs enables neural
circuits to detect and generate synchrony, processes widely be-
lieved to be critical for information processing (Singer, 1999;
Koch and Segev, 2000; Fricker and Miles, 2001; Galarreta and
Hestrin, 2001). Moreover, precise timing allows coincidence de-
tection that is required for spike timing-dependent plasticity, a
prominent form of synaptic plasticity atmoremature hippocam-
pal (Bi and Poo, 2001) and primary sensory cortical (Feldman,
2000; Sjostrom et al., 2001; Froemke andDan, 2002; Celikel et al.,
2004) synapses. Our present findings show that the slow EPSPs
observed at naive thalamocortical inputs to layer IV cells result in
a very poor temporal precision in the synaptically evoked action
potentials. This is in contrast toCA1pyramidal cells in adolescent
animals in which EPSPs evoke action potentials with relatively
high precision. LTP results in little change in action potential
timing precision in CA1 pyramidal cells, whereas in neonatal
layer IV cells, a very prominent decrease in latency and variability
of action potential timing is observed. In addition, although LTP
at CA1 synapses results in a reliable and large (in most cases
maximal) increase in action potential firing probability, the effect
of LTP in neonatal layer IV cells on firing probability is highly
variable and, on average, significantly smaller.
An additional factor that has a strong influence on the timing
of action potentials evoked by EPSPs is feedforward GABAergic
Figure 7. The reduction of temporal summation with neonatal LTP reduces the ability of summed EPSPs to evoke action
potentials. A, EPSC amplitude versus time for an example LTP experiment in which two thalamocortical inputs onto the same cell
were monitored (LTP induction protocol applied to pathway is represented by filled circles). Inset, Diagram of experimental
configuration for the summationLTP– control protocol.B, Current-clamp records takenat the times indicated fromtheexperiment
in A in which a stimulus was applied to the LTP path 30 ms before the control path to assess the amount of temporal summation
(summation LTP– control protocol) before and after LTP induction. C, Pooled data for EPSC amplitude versus time for all two-
pathway LTP experiments (n 12; filled symbols represent LTP pathway). D, Percentage of second EPSPs that evoke an action
potential (AP) baseline versus LTP for each cell (filled symbols) and the pooled data (open symbols). The squares represent
summation LTP– control data (n 6; stimulus interval, 30ms), and the triangles represent summation control–LTP data (n 6;
stimulus interval, 30 ms). Insets, Diagrams of the two summation protocols. The dashed line is the line of unity. CTRL, Control.
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transmission. In the adolescent and adult cortex, the hyperpolar-
ization produced by feedforward activation of GABergic inter-
neurons prevents the activation of long-latency action potentials
and alters coincidence detection (Pouille and Scanziani, 2001;
Wehr and Zador, 2003). In the present study, GABAergic trans-
missionwas intact. However, at this developmental stage, we find
that the feedforward GABAergic postsynaptic potential is depo-
larizing (Agmon et al., 1996) and therefore unlikely to play a role
in enforcing temporal fidelity. Plasticity of this GABAergic input
might be expected to affect the timing of postsynaptic action
potentials; however, becausewe induce LTP by a pairing protocol
in individual neurons in our study, there is unlikely to be any
plasticity of the feedforward glutamatergic input onto the
GABAergic interneurons (because these cells did not experience
the pairing protocol). Moreover, an activity-dependent plasticity
of the GABAergic synapses onto the recorded neurons, as has
been described forCA1pyramidal neurons (Woodin et al., 2003),
is very unlikely to be induced by our pairing protocol. This form
of plasticity requires postsynaptic action potentials and is depen-
dent on L-type voltage-gated calcium channel activation, both of
which are prevented by our pairing protocol (voltage clamp at 0
mV). Indeed, we show that feedforward GABAA receptor-
mediated transmission makes little contribution to the thalamo-
cortical input at this neonatal developmental period, and robust
changes in EPSP kinetics and action potential timing precision
are observed with LTP in the presence of a GABAA receptor an-
tagonist. Thus, changes in GABAergic transmission are very un-
likely to contribute to the effects of LTP on action potential
timing.
In addition to a role in the acquisition of output timing pre-
cision, neonatal LTP also improves the timing of synaptic input
by virtue of its effect on temporal summation of EPSPs. EPSPs at
naive thalamocortical inputs in layer IV show pronounced tem-
poral summation. This may be required early in development to
provide a large coincidence detection window for induction of
synaptic plasticity. However, it is desirable for mature informa-
tion processing to have a narrow window for coincidence detec-
tion (Singer, 1999; Fricker and Miles, 2001). Neonatal LTP con-
tributes to this requirement by shortening the EPSP that reduces
summation and thus increases the temporal precision for coinci-
dence detection.
Developmental changes in timing precision
A number of lines of evidence suggest that NMDAR-dependent
LTP at the thalamocortical input, occurring in vivo during devel-
opment in the first postnatal week, plays a critical role in devel-
opment and experience-dependent plasticity in the barrel cortex
(Fox, 2002; Foeller and Feldman, 2004). Previous work has
shown that LTP at thalamocortical synapses in the barrel cortex is
NMDAR dependent and developmentally restricted to the first
postnatal week (Crair andMalenka, 1995). Consistent with an in
vivo role for this, activity andNMDAR activation are required for
normal development of receptive fields in the barrel cortex and
for experience-dependent plasticity during the first postnatal
week (Schlaggar et al., 1993; Fox et al., 1996; Foeller and Feldman,
2004). Furthermore, the present study shows that the acute
changes in synaptic function and timing we describe for LTP also
occur developmentally in vivo, suggesting that an LTP-likemech-
anism may contribute to the improvement in timing precision
during development in layer IV of the barrel cortex. However,
maturation of feedforward inhibition and/or changes in neuro-
nal active membrane properties likely also contributes to this
developmental phenomenon. Thus, together, our data provide
evidence that the primary role LTP at the neonatal thalamocor-
tical input in the barrel cortex is not to cause an increase in
synaptic strength, but rather to produce a rapid and long-lasting
increase in the temporal precision for timing both inputs and
outputs.
Conclusion
A number of studies indicate that for ascending input to mature
rodent somatosensory cortex, the first spike initiated by sensory
activation encodes the majority of the information, and key to
this is a high precision of the temporal code of 2–6ms resolution
(Ghazanfar et al., 2000; Panzeri et al., 2001; Celikel et al., 2004;
Foffani et al., 2004). It is noteworthy that, in the present study, we
find that naive thalamocortical inputs to layer IV cells evoke ac-
tion potentials with much poorer resolution than this. However,
neonatal LTP induction rapidly improves action potential timing
precision towithin this required level of precision. Therefore, this
form of LTP may be an important developmental mechanism by
which activity leads to the acquisition of high-precision timing
observed in the adult. Layer IV receives the majority of the as-
cending input from the sensory periphery via the thalamocortical
input. Thus, an early activity-dependent mechanism to produce
high-precision timing at this input in layer IV neurons would be
an important early step to the development of mature informa-
tion processing in the barrel cortex. Moreover, there is good ev-
idence that precise timing in layer IV neurons is required for
subsequent forms of spike timing-dependent plasticity in layer
II/III that are observed later in development (Feldman, 2000;
Celikel et al., 2004). Thus, neonatal LTP at the thalamocortical
input may be a critical prerequisite for the subsequent develop-
ment of sensory processing.
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